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In this  work  we  report  about  the  synthesis  and  gas  sensing  properties  of  large  surface  area  and  stable




chemical  anodization  of thin  Nb–Ti  metallic  ﬁlms.  Crystallization  was  accomplished  by thermal  annealing,
to  obtain  biphase  titania.  The  morphological  analysis  shows  that  the obtained  structures  are  well-ordered
and  highly  aligned  titania  nanotubes.  Investigations  of  the  structures’  gas  sensing  properties  show  that
they  have  high  and  reversible  response  towards  H2, CO,  acetone  and  ethanol  over a  wide  range  of  the
operating  temperatures.
© 2014  Elsevier  B.V.  All  rights  reserved.. Introduction
In recent years, metal oxide nanomaterials with the tubular
hape have stimulated great interests for different applications
1–5]. Especially titania nanotubes with the large surface area,
nique physical and chemical properties have been considered
s promised structures for applications in gas sensors and light
arvesting [6–10]. Among the various phases of titania reported,
natase (band gap 3.2 eV) is more reactive compared to rutile (band
ap 3.03 eV) and it has been demonstrated that photogenerated
onduction electrons in rutile–anatase (biphase) TiO2 will ﬂow
rom rutile to anatase [11–13]. The similarity in the chemical com-
osition and the differences in the coordination environments of
natase- and rutile crystallized TiO2 can be used for the fabrication
f the new functional materials and composites. When the semi-
onductor is exposed to air, O2 molecules adsorbs on the surface of
itania, extracting electrons from the conduction band and trapp-
ng the electrons at the surface of material. This process leads the
ormation of a depletion layer and a band bending, decreasing the
tructure conductivity [14]. The band bending can be modiﬁed due
o the reaction of the absorbed oxygen species with the reducing
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925-4005/© 2014 Elsevier B.V. All rights reserved.gases resulting in a change in conductivity [14,15]. These conduc-
tivity changes are exploited for fabrication of chemical sensors
based on metal oxides [16–18].
The working temperature of metal oxide gas sensors ranges
between 500 and 800 K in order to keep donor oxygen vacancies
ionized but ﬁxed [19]. The fact that the material operates at high
temperatures can cause changes in its crystal structure affecting the
sensing properties of titania. Amorphous to anatase crystallization
takes place at 300 ◦C. At higher annealing temperatures (≥450 ◦C)
titania converts into rutile phase [20]. For chemical sensors anatase
titania is more preferable compared to rutile due to its reactiv-
ity [11,12]. For the above-mentioned reasons, good crystallinity
is required to reduce the anatase-to-rutile phase transformation
effect at high working temperatures and to stabilize the sensing
properties of titania. Therefore synthesis of stable phase titania
nanostructures with the large surface area remains as a big chal-
lenge. Besides the phase stability the conductance of titania also
need to be improved. Extensive efforts have been made to improve
the conductance of titania through modifying the band structure by
dopant elements [21–24]. The change of titania carrier density by
different dopants has been investigated and a typical dopant is Nb,
which acts as a shallow donor in the structure [25,26]. Compared to
other dopants such as Pd, Pt, P and Ni [16,22,27,28], the similarity
of Nb5+ (r = 0.70 A˚) and Ti4+ (r = 0.68 A˚) radii allows Ti atoms to be
replaced by Nb in the lattice. The experimental results have shown
that the presence of Nb substitutional ions in the anatase TiO2 hin-
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herefore for the fabrication of stable phase titania (with the pres-
nce of anatase phase) and for the enhancement of its conductivity
b is more preferable choice compared to other dopants.
Herein, we demonstrate the preparation and the gas sensing
roperties of stable phase niobium-containing titania nanotubes.
btained structures show high and reversible response towards
educing and oxidizing gases at high working temperatures.
. Experimental
The structures were obtained by electrochemical anodization
f metallic Nb–Ti thin ﬁlms deposited on 2 mm square alumina
nd silicon substrates. Deposition of Nb–Ti ﬁlms was performed
y means of RF (13.56 MHz) magnetron sputtering. The sputtering
arget is made of 5 wt% Nb and 95 wt% Ti (Testbourne Ltd., England,
K). During the deposition process Ar pressure in the sputter-
ng chamber was 5 × 10−3 mTorr, sputtering power was 75 W and
he substrates temperature was 300 ◦C. The thickness of deposited
etallic thin ﬁlms was 500 nm.  Then Nb–Ti ﬁlms were anodized
y potentiostatic mode using a two-electrode conﬁguration. The
lectrolyte solution was 0.8 wt% NH4F and 0.5 mol  l−1 H2O contain-
ng glycerol. Pt foil was used as a counter electrode, the applied
oltage was 20 V and the anodization time 30 min. Anodization
rocess was carried out at room temperature. As-prepared titania
ig. 1. (a) 2D AFM topography of the alumina substrate. (b) Surface morphology of Nb–TiO
e)  EDX spectrum conﬁrming the presence of 4.5 ± 0.5 wt%  of Nb with respect to Ti, (f) the
g)  3D topography and (h) the associated phase signal.tors B 209 (2015) 1091–1096
nanostructures by electrochemical anodization are mainly amor-
phous [20,30]. As-prepared nanotubes were crystallized by thermal
annealing in a 50% O2 and 50% Ar atmosphere at 400 and 550 ◦C for
6 h.
The morphology of the samples was observed using a LEO
1525 scanning electron microscope (SEM) equipped with ﬁeld
emission gun and atomic force microscope (AFM). AFM was a
Bruker-Thermomicroscope CP-Research working in tapping mode
at atmospheric pressure with a Si cantilever having a nominal res-
onant frequency of 300 kHz and a tip with conical shape and radius
of 10 nm.  Topography and phase signals were acquired simul-
taneously. Phase signal is the phase lag between the sinusoidal
excitation driving the cantilever oscillation and its effective oscilla-
tion. This signal is sensitive to the energy dissipated per oscillations,
which, in turn, depends on several parameters such as adhesion,
friction, viscosity, plasticity or surface curvature which modify the
contact area and thus indirectly the dissipated energy. Concerning
surface curvature, phase signal is typically used to better high-
light morphological features in samples featuring (at least locally)
a weak height-contrast since phase signal provides, a contour-like
image [31]. In the present work, due to the reduced size of the
nanostructures and the porosity of the material, the morphologi-
cal information is expected to dominate the phase signal, masking
eventual other information. In this frame, we  used the phase signal
2 nanotubes, (c) magniﬁcation of (b), (d) cross-sectional view of the anodized layer
 bottom-view of the tubular layer. (g) and (h) AFM images of the single nanotubes:



























































annealed at 550 C. Similar anatase-to-rutile phase transformation
was observed for the Nb containing TiO2 nanograins annealed at
900 ◦C [29]. Furthermore introduction of Nb in the TiO2 nanotubes
resulted in an increase of structure crystallinity compare to the
Fig. 3. Raman spectra of samples annealed at 400 and 550 ◦C. exc = 442 nm;  * refers
to  Si substrate.V. Galstyan et al. / Sensors and
s an additional tool (with respect to the height signal) to visualize
he surface morphology of the nanotubes.
Crystal structure of the specimens was investigated by X-ray
iffraction (XRD) and micro-Raman spectroscopy. XRD character-
zation was performed by D-MAX Rapid (RIGAKU, Tokyo, Japan)
iffractometer (Cu tube) equipped with an image plate detector
hat allowed the collection of 2D diffraction images. Measure-
ents were made in reﬂection mode at an angle of incidence of
0◦. Raman analysis was carried out with a modular micro-Raman
onfocal system from Horiba equipped with a single monochroma-
or (iHR320MST3) and a Peltier-cooled CCD camera. A He:Cd laser
Kimmon) at 442 nm was used as the excitation source, along with
nterference ﬁlters on the laser lines and the edge ﬁlters on the sig-
al. The spectra were collected on the instrument operating with
800 l/mm grating and a 100× objective.
In order to investigate the gas sensing performances of titania
anotube layers we have deposited platinum interdigitated elec-
rodes on the surface of the obtained nanostructures by means
f RF magnetron sputtering. Moreover a platinum meander was
eposited on the backside of the substrate to act as a heater and a
emperature sensor.
The ﬂow-through technique was used for all the functional char-
cterizations. A ﬂow of humid synthetic air was  used as carrier
as (0.3 l/min) and relative humidity was set to 40% at 20 ◦C. The
esired gas concentrations were obtained mixing the gas com-
ng from certiﬁed bottles with humid synthetic air. The sensor
esponse towards reducing gas was deﬁned as the relative conduc-
ance variation S = (Gf − G0)/G0 = G/G0, where G0 is the baseline
onductance in air, while Gf is the corresponding steady state in
as. Gas sensing measurements of titania nanostructures have been
erformed towards H2, CO, acetone and ethanol in a temperatures
ange from 100 to 500 ◦C.
. Results and discussions
The sample morphology has been analyzed by both SEM and
tomic force microcopy AFM techniques. Due to the inﬂuence of
he substrate morphology on the growth process, the surface of the
ristine substrate has been characterized at ﬁrst. Microsized grains
ompose the alumina substrate as revealed by AFM (Fig. 1(a)). The
ow-magniﬁcation SEM analysis (Fig. 1(b)) shows the homogeneous
rowth of the nanotubes over the substrate, with tubes organized
n microsized agglomerates due to the underlying substrate mor-
hology (darker lines marking such agglomerates). SEM image of
he surface morphology (Fig. 1(c)) and the cross-sectional view of
he anodized layer (Fig. 1(d)) shows that the obtained structures
re nanotubes. Fig. 1 (f) shows the bottom-view of the Nb–TiO2
ayer that has been detached from the alumina substrate. Back-
ide SEM micrographs also conﬁrm that the anodized layers are
ell-ordered individual nanotubes. The average inner diameter
f tubes is 30 ± 3 nm and its relative standard deviation (RSD) is
0%. Single nanotubes have been further imaged by AFM acquiring
oth the topography and phase signal (Fig. 1(g) and (h), respec-
ively), indicating an average size of nanotubes in line with SEM
mages. Energy-dispersive X-ray analyses (EDX) of the tubular lay-
rs (Fig. 1(e)) conﬁrmed the presence of 4.5 ± 0.5 wt%  of Nb with
espect to Ti which is consistent with the concentration of the Nb–Ti
arget.
Fig. 2 shows XRD patterns of the sample annealed at 400
nd 550 ◦C. XRD measurements revealed two  crystalline phases
n samples: rutile and anatase. The fraction values of rutile in
espect to anatase was determined using following equation [32]:
R = 1/(1 + 0.8(IA/IR)), where IA and IR denote integrated intensity
alues of anatase (1 0 1) and rutile (1 1 0) peaks, respectively. It
esulted that rutile is about 40 and 85% for the samples annealedFig. 2. XRD patterns of the Nb–TiO2 tubular structures annealed at 400 and 550 ◦C.
The  peaks marked A and R represent the anatase and the rutile phases, respectively.
at 400 and 550 ◦C, respectively. From the FWHM (full width at half
maximum) of the peaks, by means of the Sherrer equation [33] it
was possible to estimate the crystallite size, which resulted in the
range of 15–20 nm for all samples.
The micro-Raman spectrum of sample annealed at 400 ◦C taken
using excitation at 442 nm (Fig. 3) showed typical anatase spectrum
with peaks at 145, 195, 390, 515 and 635 cm−1. The contribution
from rutile spectrum at 610 nm is also observed on the left shoulder
of the 635 cm−1 peak. The spectrum of sample annealed at 550 ◦C
showed the vibration of rutile phase 231, 436, 610 cm−1 and the
ones of anatase at 142, 393 cm−1. The signal of silicon substrate is
also observable at 520.7 in sample at 550 ◦C.
Structural analysis conﬁrms the phase transformation pro-
cess in titania when its annealing temperature is increased from
400 to 550 ◦C indicating changes in the anatase/rutile ratio.
We obtained ∼85% of the rutile transformation for the samples
◦Fig. 4. Variation of the conductance as a function of the introduction of different
concentrations of acetone (25, 50 and 100 ppm) and ethanol (10, 25 and 50 ppm) at
an  operating temperature of 400 ◦C with 40% RH @20 ◦C.



























mig. 5. Response towards 500 ppm of H2, 500 ppm of CO, 50 ppm of acetone and 5
0%RH  @20 ◦C.
ure TiO2 nanotubes calcinated at the same regimes and reported in
ur previous work [34]. Enhancement of the structure crystallinity
educes the formation of electron traps, which might affect the
ensing performance of titania.
The sensing properties of the Nb–TiO2 nanotubes annealed at
50 ◦C were investigated at the operating temperatures range from
00 to 500 ◦C.
Fig. 4 displays the isothermal dynamic responses to square con-
entration pulses of acetone and ethanol at a working temperatures
f 400 ◦C, corresponding to the optimal responses towards ethanol.
he conductance increases upon interaction with the reducing
ases, that is a typical behaviour for an n-type semiconductors such
s titania. We  observed that Nb improved the sensing performance
f TiO2 compared to pure TiO2 nanotubes obtained with the similar
arameters and reported in [34]. For example at an operating tem-
erature of 400 ◦C the response to carbon monoxide, acetone and
thanol increase of about one order of magnitude. Furthermore we
lso observed Nb leads to an increase of one order of magnitude in
he conductance of TiO2 in the high operating temperatures where
he structure is sensitive to gaseous species. Fig. 4 also shows a
apid variation of the conductance upon gas injection, followed by
 slower decrease at the end of the pulse for the working tempera-
ure of 400 ◦C, furthermore the recovery of the conductance value
s complete after the air ﬂow has been restored. The responses are
roportional to the gas concentration without showing any appre-
iable saturation phenomenon, a promising feature for quantitative
easurements. of ethanol at different operating temperatures (100, 200, 300, 400, 500 ◦C) with
Furthermore, the sensing responses were also studied as a func-
tion of working temperature for the different gases. An overview
of these results is reported in Fig. 5, where the responses to ﬁxed
concentrations of analytes are reported at different temperatures.
The responses depend strongly on the operating temperature and
on the speciﬁc gas; acetone underwent a progressive increase with
the adopted working temperature up to 500 ◦C, while H2 response
increases as a function of the operating temperature up to 300 ◦C
and then slowly decreases. Ethanol has an optimal response at
400 ◦C. Differently CO has an optimal operating temperature in the
range 300–500 ◦C, keeping constantly high within this range.
The results reported in Fig. 5 indicate that introduction of Nb
can signiﬁcantly improve sensing performance of TiO2 in terms of
response magnitude, optimal operating temperature and baseline
conductivity that are important parameters for chemical sensors
fabrication.
4. Conclusions
Nb–TiO2 nanotubes with an average diameter of 30 nm have
been obtained by electrochemical anodization of Nb–Ti metallic
thin ﬁlms. Morphological analyses conﬁrm the homogenous dis-
tribution of the tubes over the substrate. Structural investigations
show that thermal treated nanotubes have a biphase composition
of anatase and rutile. The anatase/rutile ratio is changed when
the annealing temperature of the structure increased from 400 to
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t 550 ◦C) resulted in reversible response towards H2, CO, acetone
nd ethanol at the high operating temperatures. Introduction of Nb
mproved the crystallinity, conductance and the sensing proper-
ies of TiO2 nanotubes. The reported results also indicate that the
ensing properties of titania are enhanced with the improvement of
he structure crystallinity. Facile preparation method and sensing
roperties of the structures indicating that the obtained material is
romising for the fabrication of chemical sensors.
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